Abstract: The advent of RNA-sequencing (RNA-Seq) technologies has markedly 18 improved our knowledge and expanded the compendium of small non-coding 19
Introduction 36
Since the discovery of the first small silencing RNA in 1993 34 , a noteworthy 77
The first small ncRNA species known to derive from the 28S rRNA was 157 discovered in the filamentous fungus Neurospora crassa in 2009 61 . Assigned to the 158 siRNA family, they are now known as qiRNAs (QDE-2-interacting small RNAs). 159 QDE-1 and QDE-3 proteins, together with OsRecQ1 and OsRDR1, are required and 160 play critical roles in qiRNA biogenesis [61] [62] . qiRNAs have been shown to mediate 161 gene silencing in the DNA damage response (DDR) pathway, and are induced by 162 DNA-damaging agents [ethyl methanesulphonate (EMS and UV-C) (Figure 1) . 163 qiRNA expression has been reported to be affected in diabetes 49 , where unique and 164 redundant reads of rRFs peaked at different sizes for normal samples compared to 165 the diabetic ones 49 . 166
In plants, other rRFs, called phased small interfering RNAs (phasiRNAs), have 167 been discovered (Figure 2 ) 36 . They are normally regulated by miRNAs 36 . The study 168
reporting their existence revealed that some LSU-rRNAs (28 and 5.8S) could also 169 generate phasiRNAs, suggesting that some rRNAs may be processed through the 170 PHAS siRNA biogenesis pathway 36 . 171
Finally, the longest rRF originating from the 28S rRNA, as reported among 172 other rRFs in an RNA-seq study of Zebrafish development, measures 80 nt [22] [23] . This 173 80-nt rRF, known as rRF3, maps to the 3' end of the 28S rRNA sequence. Notably, 174 rRF3 is relatively more abundant in the egg and adult tissue, compared to other 175 embryonic stages [22] [23] and differ in 5 nucleotides. As part of 28S rRNA which can 176 form a stem-loop structure. Thus, this rRF3 can reverse-complement bind to the 3' 177 end of another complete 28S rRNA molecule. In this context, rRF3 may provide a 178 protective hairpin, which could be part of a feedback loop for 28S rRNA 179 degradation. 180 2.1.2. Sequence, length and structure 181
Previously described qiRNAs are approximately 20-21 nt in length and form a 182 hook structure 61 . For phasiRNAs, 50% of the 21-nt PHAS loci are in rRNA or 183 repeats, and five are annotated as LSU-rRNA (Figure 1 ) 36 . In Wei et al. (2013) , the 184 RNA-seq data analysis from human samples revealed that the most abundant rRF 185 was 21-nt long 49 . Thus, in most of the models and studies, the length of most rRFs 186 is around 20-21 nt, a size comparable to miRNAs and other classes of small RNAs 187 (e.g. piRNA, qiRNA, siRNA, tFR). 188
The 28S rRNA sequence giving rise to rRF3 is involved in a stem-loop structure; 189 a small rRF3 ncRNA can thus reverse-complementary bind to the 3' end of another 190 complete 28S rRNA molecule 22 . This mode of recognition may regulate the stability 191 and expression of the 28S rRNA, or favor the formation of RNA duplexes that are 192 more susceptible to cleavage by endonucleases (e.g. Dicer), along a process that 193 produces new small rRNA-derived ncRNAs. 194
Finally, the two rRFs (maternal and somatic) reported by Locati and al. 23 exhibit 195 major differences in terms of primary sequence and secondary structures, 196 suggesting that they may be processed differently, associate to different ribosomal 197 proteins and base pair with different mRNAs. As explained above, this could be 198 part of the mechanisms underlying ribosomal heterogeneity and differential 199 translation regulation. in the pathophysiology of the disease. Wei et al. 49 have shown that overexpression 211 of these particular rRFs could impact expression of the key gluconeogenic enzyme 212 genes PEPCK and G6Pase, by modulation of their promoter activity and also that 213 of PPAR gamma, which regulates lipid and glucose metabolism. Furthermore, the 214 authors described a negative effect of these rRFs on intracellular ATP level, which 215 is also downregulated in patients with type 2 diabetes. These results suggest that 216 rRFs may participate to a biological processes related to metabolic diseases 49 . An 217 involvement of these rRFs in multiples pathways as p53 signaling pathway or other 218 pathways involved in PUMA transcriptional activation have been shown. 219 Moreover, they detected an effect of rRFs on ERK pathway including the 220 phosphorylation of ERK1/2, p90RSK, Elk-1 and p70S6K. ERK pathway plays an 221 important role in the transmission of cellular proliferation and developmental 222 signals, then rRFs seems to modulate in a broad range of biological processes and 223 signaling pathways. 
Fragments of the 18S ribosomal RNA 296
The biogenesis pathway leading to the formation of the 18S rRNA is different 297 from that of the 5.8S and 28S rRNAs [81] [82] ; rRFs derived from the 18S rRNA may thus 298 be generated through different mechanisms and have different regulation 299 modalities 59 . 300 301 2.2.1. Discovery: Cleavage, localization and expression pattern 302
The most abundant maternal-type rRF detected during Zebrafish 303 developpement 22 comes from the 5' end of the 18S rRNA and measures 21 nt. The 304 most abundant somatic-type rRFs, however, originate from the 5.8S rRNA, with 305 some rRFs originating from the 18S rRNA. The most abundant rRF derives from 306 the 5' end of the 18S rRNA and is 130 nt long; it may either exert a function per se or 307 be the precursor of the 21-nt rRF detected in the maternal-type, along a process 308 resembling that of primary miRNAs giving rise to mature miRNAs 22 . 309
Interestingly, a group of clustered non-canonical miRNAs derive from 310 pre-rRNA (Figures 1 and 2) , and three of these miRNAs were mapped to the 18S 311 subunit: miR-2914, miR-2916 and miR-2910 73 . 312
Structure, localization and expression 313
The 130-nt rRF ncRNA derived from the 18S rRNA, as described above, has a 314 secondary structure with a stem and a complex hinge with three smaller hairpins 22 . 315
In fact, this rRF can form a stem-loop structure potentially similar to other 316 functional ncRNAs, such as tRNAs 83 and snoRNAs 84 , which represents a further 317 clue in the search for evidence that rRFs are not mere degradation products. 318
Function and protein binding 319
It has been reported 22 that both the guide and passenger strands of rRFs can 320 associate with Ago proteins, suggesting that the 21-nt rRF RNAs may function like 321 miRNAs and regulate gene expression 85 ; as many as 532 putative target transcripts 322 of rRFs have been identified 22 . 323
The existence of rRNAs and of rRFs suggest dual molecular functions 35, 60, 73, 86 . 324
As reported for tRNAs 46 , rRNAs may either function as mature rRNAs inside 325 ribosomes or be processed into smaller fragments and act in a miRNA-like fashion. 326
Indeed, such rRNA transcript units were shown to harbor as many as five different 327 miRNAs, which, upon their release, are able to directly repress the expression of 328 hundreds of genes at the post-transcriptional level. Finally, these clustered 329 miRNAs were differentially expressed in different tissues, suggesting that rRNA 330 processing into rRFs may be placed under specific spatio-temporal control 73 . 331
Fragments of the 5.8S ribosomal RNA 332
The existence of two forms of 5.8S rRNA, with 7 or 8 different nt at their 5' end, 333 is widely described in eukaryotes 15, [31] [32] 87 . Although the ratio between the two 334 forms varies from one organism to another, the shorter form of 5.8S rRNA (5.8Ss) is 335 predominant over the longer form (5.8SL), as it accounts for 80% of the total 30, 81, 87 . 336
The short and long forms of 5.8S rRNA derive from different biosynthetic 337 pathways, revealing the heterogeneity in the cleavage and processing of this 338 RNA 15, 57, 88 , which may lead to the release of small non-coding RNA fragments that 339 have yet-to-discover biological roles. In this section, we will describe the small 340 non-coding RNAs resulting from the 5.8S rRNA, their origin, sequence and 341
cleavage, but also the proteins they are associated with, their expression pattern 342 Because the rRFs mentioned above are not the only ones originating from the 358 5.8S RNA in eukaryotes; some forms are shorter and more abundant 59, 99-100 , and are 359 possibly generated by a process similar to the one described for miRNAs and 360 involving one or more Dicer-like endoribonucleases. For instance, the highly 361 abundant rRFs discovered in Piper nigrum 77 , originating from the 5' end of the 362 5.8SL rRNA and representing the largest subset of rRFs of 23 nt 99 . 363
The majority of the 20-nt long fragments deriving from the mature sequences of 364 tRNAs, rRNAs, snoRNAs and small nuclear RNAs (snRNAs), are produced, in a 365 specific cleavage pattern, from the 5' or 3' end 100-101 . The 5' or 3' end origin seems to 366 be different according to the tissues, development stages 22 or environment 101 . Li et 367 al. 101 have shown that the rRFs derived from 5.8S, 18S and 28S rRNAs are 368 generated upon cleavage of either the 5' and 3' end, with a preference for a 3' end 369 origin in human cells. Interestingly, most of the prominent clustered rRFs are 370 coming from the 5.8S, rather than the 18S or 28S, rRNA 22, 59, 99 , which is surprising 371
given that the 5.8S rRNA is the shortest of the three. In plants, the 5' end rRF 372 cluster (rRF5) from the 5.8S rRNA is the most abundant, whereas the proportion of 373 rRFs from the internal and 3' end (rRF3) of 5.8S rRNA is much lower 99 . Similarly, in 374 eggs and in adult tissues of Zebrafish, the 5.8S rRF5 is 3 and 4 times more abundant 375 than the rRF3, respectively 22 . It differs from the rRFs of the 18S and 28S rRNAs, 376 which are mainly produced by cleavage at the 3' extremity 22 . In human cells and in 377 ticks, rRF5 and rRF3, from both the 5.8S and 28S rRNAs, derive from either 378 extremity, but more from the 3' end 59 ; the most abundant rRFs are 33 nt and 29 nt 379 long, and belong to the rRF3 series 59 . The higher abundance of rRFs derived from 380 the 5.8S rRNA, compared to the 18S and 28S rRNA-derived fragments, suggests 381 that these rRFs may be protected from degradation and stabilized through their 382 association with proteins. The relative abundance and cross-species conservation 383 of the rRFs generated 59 Concerning expression patterns, rRNA-derived sequences were more abundant 443 than snoRNAs and snRNAs, but less abundant than tRFs in human and mouse 444 cells 100 . Several observations indicate that cleavage of tRNAs and rRNAs is induced 445 by various stresses 93, 95-97, 100 . Wang et al. 100 found that 8,822 srRNAs were responsive 446 to heat stress, and that production of sRNAs from tRNAs, 5.8S rRNAs and 28S 447 rRNAs was more specific than that from the 5S rRNAs and 18S rRNAs 100 . Although 448 maternal-type 5.8S rRNA is degraded during the late stages of embryogenesis, the 449 level of 5.8S rRFs is relatively unaffected, suggesting that these rRFs are stabilized 450 and are not by-products of normal 5.8S rRNA degradation. According to a study conducted by Son et al. 72 , it is now clear that miR-712 is 486 generated upon pre-ribosomal RNA cleavage by the exoribonuclease XRN1, which 487 is involved in pre-rRNA maturation 72, 81 . In mice, the pre-miR-712 sequence is 488 embedded in the ITS2 region of the pre-rRNA 72 . The authors identified miR-712 as 489 a negative regulator of tissue inhibitor of metalloproteinase 3 (TIMP3) expression. 490
Furthermore, neutralizing miR-712 by anti-miR-712 rescues TIMP3 expression and 491 prevents disease progression in murine models of atherosclerosis. Similarly to 492 miR-712 in mice, a human-specific miR-663 could be derived from the spacer 493 region of human RN45S gene (Figures 1 et 2) 72 . 494
Like mature rRNA, the ITS1 and ITS2 sequence length increased during 495 evolution 116 . These lengthened sequences not only serve to recruit proteins and 496 enzymes involved in rRNA biogenesis, but they may also harbor the sequence of 497 functional ncRNAs, such as miRNAs or qiRNAs 61, 72 , and participate to 498 post-transcriptional regulation or DNA damage response. This is why ITS1 and 499 ITS2 should be studied, not only for their role in rRNA biogenesis, but also as 500 template sequences for the biogenesis of small ncRNAs. rRNA. For each rRF, the name, species of origin and length are specified. 505
Conclusions 506
Taken together, the studies discussed in this review article demonstrate that the 507 28S, 18S and 5.8S rRNAs, and even the ITS1 and ITS2, produce one or more small 508 rRFs. These rRFs are present at various, yet significant, levels in different cell types 509 or organs, and during development, like in the oftenly described Zebrafish 510 development model. The generation of these small rRFs does not appear to result 511 from random degradation of the associated mature rRNAs. Moreover, the 512 degradation rate of mature cytoplasmic rRNAs is generally beyond detection 513 under normal conditions 117 , as the rRNA is first fragmented by endoribonucleases 514 and then the resulting by-products are rapidly degraded into mononucleotides by 515 exoribonucleases 118-119 . Small rRF detection attests of their relative stability and 516 implies that they do not result from normal cellular ribosome turnover. The caveat 517 has to be taken into account that the study of rRFs has been hampered, and is still 518 hampered, by the long-set bioinformatics pipelines that consider rRFs as mere 519 degradation products and systematically remove small RNA sequencing reads 520 mapping to rRNAs from the data 56, 86 . 521
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